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E-mail address: antje.berken@mpi-dortmund.mpgPlant G proteins of the ROP/RAC family regulate cellular processes including cytoskeletal rearrange-
ment in polar growth. Activation of the ROP molecular switch is triggered by guanine nucleotide
exchange factors. Plant-speciﬁc RopGEFs are exclusively active on ROPs despite their high homology
to animal Rho proteins. Based on a sequence comparison of ROPs vs. animal Rho proteins together
with structural data on distinct ROPs, we identiﬁed unique substrate determinants of RopGEF spec-
iﬁcity by mutational analysis: asparagine 68 next to switch II, arginine 76 of a putative phosphory-
lation motif and the Rho insert are essential for substrate recognition by RopGEFs. These data also
provide ﬁrst evidence for a function of the Rho insert in interactions with GEFs.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Guanine nucleotide binding (G) proteins of the Rho family act as
molecular switches which regulate essential processes like gene
expression, cytoskeletal organization and cell cycle progression.
The involved signaling pathways under Rho control link cell sur-
face receptors to a variety of intracellular responses [1]. While ani-
mals and fungi contain Rho, Rac and Cdc42 subfamilies, plants
have a unique class, termed ROP/RAC (Rho of plants) [2]. ROPs
serve for example as regulators of polar growth and pathogen
defense reactions [3,4].
ROPs and their relatives in opisthokonts are highly homologous
[2,5]. This similarity applies to the structural and functional parts
of the G domain comprising the ﬂexible switch regions, the phos-
phate binding P-loop and the guanine base binding sites [6].chemical Societies. Published by E
ell division cycle 42; cDNA,
H, Dbl homology; G protein,
leotide dissociation inhibitor;
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s-related C3 botulinum toxin
, Rho of plants; Tiam1, T-cell
hree-dimensional structure
.de (A. Berken).Instead, the Rho insert, which is introduced into the G domain, is
highly variable among distinct Rho subfamilies and is shorter in
ROPs lacking 2-4 amino acids. Further differences lie in the carb-
oxyterminal hypervariable region (HVR) which connects the G pro-
teins to the membrane [3,6].
ROP regulation is likely achieved at the expression level and by
the subcellular localization of the proteins. Moreover, regulatory
proteins directly affect ROP activity. ROP activation is triggered
by novel guanine nucleotide exchange factors (RopGEFs) which re-
place bound GDP by GTP converting the molecular switch to the
active conformation [7,8]. Their catalytic element is the conserved
PRONE (plant-speciﬁc ROP nucleotide exchanger) domain which is
ﬂanked by variable amino- and carboxy-terminal regions. The lat-
ter are believed to be involved in RopGEF regulation by receptor-
like kinases in pollen [8,9]. The 3D structure of the PRONE domain
of the Arabidopsis RopGEF8 (PRONE8) reveals a dimeric new fold
[10]. PRONE shows some speciﬁcity for different ROP isoforms
but is inactive towards mammalian RhoA, Cdc42 and Rac1 despite
their high similarity especially to Rac1. Yet, a construct of the
catalytic Dbl homology (DH) and the Pleckstrin homology (PH)
domains of the Rac1-speciﬁc GEF Tiam1 accepts plant ROP4 as sub-
strate, probably because the particular determinants for substrate
recognition are present in ROPs as in Rac [7].
In order to further understand the mechanisms of ROP regula-
tion, we investigated which molecular characteristics are funda-
mental for the speciﬁc substrate selection of PRONE. Despite thelsevier B.V. All rights reserved.
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ROP4 in complex with PRONE8 [10] little is known regarding the
molecular basis of substrate speciﬁcity of PRONE. For other
RhoGEFs the substrate speciﬁcity often relies on single amino acid
differences, e.g. tryptophan 56 in Rac1 is important for Rac1-spec-
iﬁcity and Cdc42-discrimination by Tiam1 [13,14]. Hence, we
hypothesized that the substrate recognition by PRONE depends
on single amino acids and regions that differ between ROPs and
other Rho proteins.
2. Materials and methods
2.1. Plasmids and oligonucleotides
The construct for human Rac1, cloned as a N-terminal GST
fusion in pGEX-2T (Amersham Biosciences) without the C-terminal
prenylation motif (amino acids 1–184), was provided by
R. Ahmadian. The start methionine was replaced by proline to en-Fig. 1. Analysis of substrate determinants of PRONE speciﬁcity in ROPs vs. animal Rho p
and RhoA. The conserved functional elements G1–G5 of the G domain and the hypervar
elements refer to the sequence and structure of ROP5. Consensus line: * identical; : c
(residues 1–180) displaying signiﬁcant differences in size, charge or hydrophobicity be
determinants. (B) Surface representation of crystal structures of ROP5 and ROP9 in top vi
N: N-terminus.hance solubility of the resulting fusion protein. ROP4 (residues 1–
180) and PRONE8 (residues 76–440 in RopGEF8, numbered 1–365)
were cloned in pGEX-4T-1 and pGEX-6P-1, respectively [7,10]. The
cDNA for residues 1–178 from ROP9 which align with the ROP4
construct was generated by PCR from reverse-transcribed (Super-
script II, Invitrogen) total RNA (RNeasy Plant Mini Kit, Qiagen) from
Arabidopsis thaliana and inserted into pGEX-6P-1. Oligonucleotides
used in this study are provided in Supplementary Table 1.
2.2. Generation of Rac1/ROP4 chimeras and site-directed mutagenesis
Chimeras of Rac1 and ROP4 were generated by overlap exten-
sion PCR [15] using pGEX-2T-Rac1 and pGEX-4T-1-ROP4 as tem-
plates. The chimera Rac1/ROP4-insert is a composition of Rac1
residues 1–120 and 136–184 ﬂanking the insert region of ROP4
(residues 124–136). ROP4/Rac1-insert consists of Rac1 residues
121–135 ﬂanked by ROP4 amino acids 1–123 and 137–180. Chime-
ric cDNA was introduced into pGEX-2T or pGEX-4T-1. cDNAs forroteins. (A) Sequence alignment of Arabidopsis ROP5 and ROP9, human Cdc42, Rac1
iable region (HVR) are indicated by arrows [6]. Numbering and secondary structure
onserved substitutions; . semi-conserved substitutions. Green: positions in ROP5
tween ROP5/ROP9 and Rac1, RhoA and Cdc42. Red: positions of PRONE speciﬁcity
ew of the GDP (sticks) binding site showing the switches, P-loop and Mg2+ (sphere).
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using the Quick Change Mutagenesis Kit (Stratagene).
2.3. Recombinant protein production
GST-fusion proteins were expressed in Escherichia coli BL21
Codon-Plus(DE3)-RIL (Stratagene) at 20 C over night after
induction with 0.1 mM isopropyl-b-D-thiogalactopyranoside. Puri-
ﬁcation of recombinant proteins from soluble cell fractions was
performed by glutathione (GSH-sepharose 4 Fast Flow, Amersham
Biosciences) afﬁnity chromatography. Proteins were eluted as GST-
fusions or tag was removed by on-column digestion with
Thrombin (Serva) or PreScission protease (Amersham Biosciences).
Eluted proteins were subjected to gel ﬁltration (Superdex 75 or
200, Amersham Biosciences) in 50 mM Tris/HCl or 30 mM HEPES
pH 7.5, 100 mM NaCl, 3 mM b-mercaptoethanol or 5 mM 1.4-
dithioerythritol and 10 mM MgCl2 (for G proteins). Proteins were
concentrated by ultraﬁltration (Amicon, Millipore), shock-frozen
and stored at 80 C.
2.4. GEF activity assay
Intrinsic and GEF catalyzed nucleotide exchange was monitored
by ﬂuorescence spectroﬂuorometry with N-methylanthrani-
loyl[mant]-GDP labeled G proteins as described before [10]. G pro-
teins were used with or without GST-tag because the tag had no
effect on nucleotide dissociation and were tested 2–3 times with
10- or 50-fold molar excess of PRONE8. Single exponential decay
functions were ﬁtted to data with Origin7 (OriginLab) to determine
apparent rate constants kobs. Maximal sample standard deviation
was 30%.
2.5. Pull-down assays
Pull-down assays tested the interaction of 1 nmol PRONE8 and
1 nmol GST or GST-fused nucleotide-free Rac1(P73R) or wildtype
immobilized on GSH-sepharose beads according to [7]. After elu-
tion of interacting proteins from the beads, subsequent SDS–PAGE
and Western blotting, detection was performed with mouse-anti-
GST (R. Ahmadian) or rabbit-anti-PRONE (Eurogentec, antigen:
puriﬁed AtRopGEF1 76–460) antisera and horseradish peroxidase
conjugates of goat-anti-mouse/rabbit IgGs as secondary antibodies
(Sigma–Aldrich).
2.6. Sequence and 3D structure comparisons
Alignment of A. thaliana ROP5 (Q9SBJ6), ROP9 (O82480), Cdc42
(NP_001034891), Rac1 (NP_008839) and RhoA (NP_001655) was
created with ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/in-
dex.html). Surface representations of crystal structures of GDP-
bound ROP5 (3BWD [12]) and GDP-bound ROP9 (2J0V [11]) were
prepared with PyMOL (http://www.pymol.org). Atoms of arginine
76 in ROP5 following the b-carbon atomweremodeledwith PyMOL
according to the respective conformation in ROP9. Structural over-
lays were performed with PyMOL using structures of GDP-bound
ROP4 from the complex with PRONE8 (2NTY: chain C [10]), ROP9
(molecule 2) and GNP-bound Rac1 (1MH1 [16]) where the missing
residue of lysine 132 was modeled backbone-dependent.Fig. 2. Pivotal structural elements in ROP for speciﬁc recognition by PRONE. (A)
Close-up view of the ROP4–PRONE8 interface (ribbon plot) showing N68 and R76 in
ROP4 (red) in immediate vicinity (distances as dashed lines) to G308 (and E249)
and S313 in PRONE8 (blue) (stick representation). (B) Ribbon diagram of superim-
posed Rho insert helices from crystal structures of the GDP-bound ROP4–PRONE8
complex (red and blue), ROP9 (green) and GNP-bound Rac1 (yellow) showing the
contact of the PRONE8 WW-loop (D143) to the ROP insert (G134) as dashed line.
Nucleotides, D143, G134 and respective amino acids in Rac1 and ROP9 (transpar-
ent) are depicted as sticks.3. Results and discussion
3.1. Structural analysis of PRONE substrates vs. non-substrates
The PRONE domain of plant RopGEFs discriminates between
ROP substrates and animal Rac1, RhoA and Cdc42. In order to iden-tify potential PRONE speciﬁcity determinants in the G proteins we
ﬁrst addressed the amino acid differences between ROPs and their
animal counterparts (Fig. 1A). Thirty-four candidate positions
which display differences in size, charge or hydrophobicity were
subsequently considered in 3D structure analyses. The crystal
structure of ROP9 [11] showed that a majority of those residues
– except for positions 11, 84 and 160 – are surface exposed
(Fig. 1B). Since ROP9 belongs to the phylogenetic ROP subgroup
II [17] we further investigated the 3D structure of a ROP isoform
from subgroup I. ROP5 which is 98% similar to the ﬁrst 180 resi-
dues of the PRONE8 substrate ROP4 provided crystals useful for
structure determination [12]. In the 3D structure of ROP5 the
amino acids of interest were surface exposed as in ROP9 and thus
may be contact sites in a complex with PRONE. The 3D structure of
ROP4 in complex with PRONE8 (ROP4–PRONE8) reveals that the
ROP4 amino acids F6, F43, N68, R76 and H132, G134 and A135 of
the Rho insert are oriented towards PRONE [10] making them par-
ticularly suited as substrate determinants.
We started off with three exceptional favourites of PRONE
speciﬁcity determinants (Fig. 1). First, position 68 of ROP4/5 is
occupied by a positively charged asparagine (N68) which instead
is a negatively charged aspartate in Rho proteins, e.g. D65 in
Rac1. In the crystal structure of ROP4–PRONE8 N68 in ROP4 is
placed at a distance of 3.8 Å towards the main-chain oxygen of
Fig. 3. Consequences of insertion of PRONE speciﬁcity determinants in Rac1. (A) GEF activity assay with 200 nM mant-GDP labeled Rac1 wildtype and mutant and 100 lM
unlabeled GDP in the absence or presence of 2 lM PRONE8 (rate constants as means of two measurements in parentheses). The decrease in ﬂuorescence is displayed over
time. (B) Assay according to (A) representing deceleration of nucleotide release by PRONE8 binding to non-substrates. (C) As in (A) with 10 lM PRONE8. (D) Pull-down of
1 nmol PRONE8 by 1 nmol GST-tagged nucleotide-free Rac1(P73R) compared to wildtype and GST. Bead-bound proteins were analyzed by Western-blotting with anti-GST or
anti-PRONE antibodies.
Table 1
Rate constants (kobs) of the intrinsic reactions of nucleotide exchange on Rac1
wildtype and mutants and the effect of PRONE8 addition determined as in Fig. 3A.
G proteins Intrinsic kobs
(s1)
Acceleration factor of nucleotide
release
Rac1 0.4  104 Like intrinsic
Rac1(D65N) 0.3  104 Like intrinsic
Rac1(P73R) 0.4  104 Like intrinsic
GST-Rac1/ROP4-insert 0.7  104 Deceleration
Rac1(D65N/P73R) 0.5  104 1.5
Rac1/ROP4-insert(D65N) 0.4  104 Like intrinsic
Rac1/ROP4-insert(P73R) 0.5  104 Deceleration
Rac1/ROP4-insert(D65N/
P73R)
1.0  104 3
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formational changes (Fig. 2A). As N68 is located at the C-terminal
end of switch II which participates in PRONE interaction [10], this
contact could further stabilize the switch II conformation during
the GEF reaction. Second, arginine 76 which protrudes from the
ROP structures is in hydrogen bond distance (3.1 Å) to the main-
chain carbonyl oxygen of serine 313 of PRONE8 (Fig. 2A). Interest-
ingly, R76 is part of a putative phosphorylation motif (SYR) in ROPs
[3,6]. This phosphorylation site seems to be conserved in Rho pro-
teins like in Rac1 where S71YP is phosphorylated by Akt kinase
[18]. Third, the Rho insert which is highly variable among Rho pro-
teins and shorter in ROPs is a possible determinant for PRONE
speciﬁcity. In the ROP4–PRONE8 complex, the insert is contacted
by main-chain interactions of the important WW-loop of PRONE
(Fig. 2B). When this region is superimposed with Rac1 or ROP9
structures their insert helices are mis-positioned with respect to
the WW-loop. The side chain of K132 at the C-terminal edge of
the insert helix in Rac1 (K133 in Cdc42 and K135 in RhoA) could
disturb the contact to the WW-loop due to sterical hindrance
(Fig. 2B). Most ROPs contain a glycine at the respective position
(G134 in ROP4) but ROP9 contains an asparagine (N134) (Figs.
1A and 2B). But the insert region in ROP9 lacks two more residues
and the WW-loop of PRONE8 is too far away to reach it in the
structure model (Fig. 2B). The amino acids participating in the
ROP4–PRONE8 connection via Rho insert and WW-loop, namelyG134 in ROP4 and D143 in PRONE8, are not conserved in the
respective families. However, the fact that the interactions are
mediated by main-chain contacts allows the speculation that the
ROP insert could still be a general determinant of PRONE speciﬁcity
towards most ROPs.
3.2. Mutant Rac1 with the speciﬁcity determinants of ROP is a
substrate for PRONE
To experimentally address the importance of the proposed
speciﬁcity determinants in ROPs as substrates for PRONE we ﬁrst
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no acids of ROP4 were introduced by site-directed mutagenesis or
overlap extension PCR, in GEF activity assays. Since the insert re-
gion sticks out of the G domain we reasoned that intramolecular
sterical clashes in a Rac1/ROP4 chimera with the ROP4 insert
would be neglectable. Combinations of wildtype and chimeric
Rac1 with the mutations aspartate 65 to asparagine (D65N) and
proline 73 to arginine (P73R) were initially tested for accelerated
nucleotide exchange in the presence of 10-fold molar excess of
PRONE8. The triple mutant Rac1/ROP4-insert(D65N/P73R) served
as a true substrate for PRONE8 displaying a 3-fold acceleration of
nucleotide exchange (Fig. 3A). Yet, the intrinsic rate was somewhat
faster as compared to wildtype Rac1 although no residues of the
nucleotide binding regions (G1–G5) were affected. Under the given
conditions, PRONE had no signiﬁcant stimulative effect on nucleo-
tide dissociation of any other mutant (Table 1) suggesting that all
three determinants in the G protein are necessary to be a substrate
for PRONE. Notably, Rac1/ROP4-insert with or without P73R
showed slower nucleotide release in the presence of PRONE8
(Fig. 3B). This observation implies PRONE8 binding without associ-
ated structural changes in the G protein which reduce nucleotide
afﬁnity. This phenomenon is known as the GDI effect because bind-
ing of guanine nucleotide dissociation inhibitors slows down the
nucleotide dissociation of G proteins and is suitable to measure
G protein afﬁnities, e.g. of effectors [19].
We also observed a marginal 1.5-fold PRONE8-catalyzed nucle-
otide release of Rac1(D65N/P73R) (Table 1). This activity was more
prominent in assays with 50-fold molar excess of PRONE resulting
in 3-fold accelerated nucleotide release. Under those conditions,
PRONE8 activity was also detected towards Rac1/ROP4-in-
sert(D65N) (Fig. 3C). Thus, N68 and the ROP4 insert facilitate the
recognition by PRONE8, while the Rac1 mutation P73R in addition
to those changes strongly enhances the catalyzed GDP/GTP-ex-
change. However, P73R alone or with either the ROP4 insert or
D65N is not sufﬁcient to make Rac1 a substrate for PRONE. Still,
the P73R mutation was sufﬁcient for signiﬁcant PRONE8 binding
in a pull-down assay while binding of Rac1 wildtype to PRONE8
was barely detectable (Fig. 3D). This result implies that Rho protein
binding to PRONE does not necessarily induce nucleotide release as
opposed to Rho recognition by Dbl-type RhoGEFs. For those pro-
teins binding seems to directly correlate with the activation of
Rho substrates [13,14].Fig. 4. PRONE activity towards ROP mutants and distinct isoforms. (A) PRONE8 activity t
with 10-fold molar excess of GEF over G protein as described in Fig. 3A. Intrinsic kobs value
standard deviations from two measurements. * Signiﬁcant reduction of PRONE8 activity
towards ROP4 (red) and ROP9 (blue) measured as in (A) (rate constants in parentheses)3.3. Rac1-speciﬁc mutations in ROP are associated with reduced
PRONE activity
After having established the substrate speciﬁcity determinants
of PRONE8 from arising activity towards Rac1 mutants we next
redesigned ROP4 into a more Rac1-like protein by mutating aspar-
agine 68 to aspartate (N68D), arginine 76 to proline (R76P) and
replacing the ROP4 insert by the Rac1 insert. Each mutant was as-
sayed as substrate for PRONE8 showing that PRONE8 activity was
signiﬁcantly reduced (Fig. 4A). The effect of N68D can best be ex-
plained by electrostatic repulsion between the aspartate and a
highly conserved glutamate at position 249 in PRONE (Fig. 2A).
This assumed repulsion could interfere with the PRONE-induced
rearrangement of switch II which is essential for catalysis. The chi-
mera ROP4/Rac1-insert is an unsuccessful substrate most likely be-
cause the Rac1 insert could make docking more difﬁcult for PRONE
by clashing with the WW-loop (Fig. 2B) and interfering with the
stabilizing function in the enzyme substrate complex. The exposed
large R76 in ROP is apparently needed to reach S313 in PRONE8
(Fig. 2A) and the small proline from Rac1 at this position may
insufﬁciently mediate docking of PRONE8. In this context, sub-
strate recognition might be controlled by a phosphorylation reac-
tion in a way that phosphorylation of the highly conserved SYR
motif in the interface, where both N68 and R76 are located, could
inhibit RopGEF interaction.
3.4. ROP9 analysis elucidates PRONE speciﬁcity towards distinct ROP
isoforms
Since N68 and the Rho insert contribute signiﬁcantly to deﬁne
substrate speciﬁcity for PRONE we were interested if ROPs that
are different in those sites are suitable substrates for the RopGEF
domain. ROP9 and homologues contain a serine instead of the
asparagine at position 68 [11], the ROP insert helix is shorter and
the composition of the following loop is different from that in
ROP4 (Fig. 1A). PRONE8 activity towards ROP9 resulted in 4-fold
accelerated nucleotide release, which is slow compared to 20-fold
in case of ROP4 (Fig. 4B) indicating that the short insert helix of
ROP9 does not optimally ﬁt into PRONE8. S68 in ROP9 might pre-
vent a stable structural conformation of switch II which is more
ﬂexible than in human Rho proteins [11]. A higher ﬂexibility com-
pared to other ROPs is supported by the remarkably faster intrinsicowards ROP4 wildtype and mutants as determined by spectroﬂuorometry in assays
s for nucleotide exchange are given and accelerations are plotted to bar graphs with
with mutants compared to wildtype (P < 0.05). (B) Comparison of PRONE8 activity
.
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with N68 or with the insert region is primarily responsible for
catalyzed nucleotide exchange we checked PRONE8 activity with
ROP9 where S68 was mutated to N68. The intrinsic and PRONE-
accelerated nucleotide dissociation rates of this mutant were
almost the same as with wildtype ROP9 (data not shown). This
supports the special importance of the insert region as a speciﬁcity
determinant for PRONE which seems to specify preferences of
PRONE domains towards various ROP isoforms [7].
The Rho insert varies in its amino acid composition as well as
the WW-loop in RopGEFs which contacts the ROP insert helix.
The WW-loop also differs in length and might also be involved in
speciﬁc substrate recognition. This suggestion is supported by a
mutation of the two consecutive tryptophans within the WW-loop
which affects GEF activity due to impaired complex formation
[unpublished data]. The Rho insert of animal and fungal Rho
proteins seems to be crucial for the recognition or activation of
Rho-speciﬁc effector molecules [20–23] but no further proven
function has yet been assigned to the insert region. The data shown
here provide ﬁrst evidence for a function of the Rho insert as a
speciﬁcity determinant of a regulatory protein of the Rho cycle.
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